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Abstract   Many woody eudicot plants form a secondary xylem composed of gelatinous fibers (G-18 

fibers) called "tension wood" (TW) along the upper side of the tilted stem or branch. TW generates a 19 

large tensile growth stress in the longitudinal direction, allowing the tilted stem or a branch to 20 

develop negative-gravitropism in response to the strong gravitational stimulus. This is because the G-21 

fibers tend to contract in the longitudinal direction as they mature. The matured G-fibers also 22 

contract upon boiling treatment in water (= hygrothermal treatment). These contractions occur in the 23 

gelatinous layer (G-layer) as an innermost layer of the G-fiber. It is still an unsolved mystery how the 24 

G-layer, which is composed of highly crystallized and longitudinally oriented cellulose microfibrils 25 

(CMFs), contracts during cell wall maturation or during hygrothermal treatment.  26 

In the present study, TW specimens of Konara oak (Quercus serrata L) were subjected to 27 

hygrothermal treatments under different temperature and time conditions, and strains due to 28 

treatment were followed. Besides, the mass loss due to hygrothermal treatment was also followed. 29 

From analyzing the obtained results, physical behavior of CMF and other non-cellulosic matrix 30 

components in the G-layer during the hygrothermal treatment was estimated. The discussion was 31 

further developed to associate hygrothermal contraction with microscopic mechanisms of the 32 

contraction of the tension wood G-fiber during maturation. 33 
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List of Abbreviations: 64 

TW: tension wood 65 

NW: normal wood 66 

OW: opposite wood 67 

LW: lateral wood 68 

G-fiber: gelatinous fiber 69 

N-fiber: normal fiber 70 

G-layer: gelatinous layer 71 

L-layer: lignified layer 72 

CMF: cellulose microfibril 73 

MFA: microfibril angle 74 

HTR: hygrothermal recovery 75 

HTR-strain: hygrothermal recovery strain 76 

HT-treatment: hygrothermal treatment 77 

HTR-behavior: hygrothermal recovery behavior 78 

XRD: X-ray diffraction 79 

WAXS: wide angle X-ray scattering 80 

FWHMβ : Full width at half maximum of central peak in β-profile 81 

FWHM200 : Full width at half maximum of 200 peak in WAXS-profile 82 

O.I. : orientation index of CMF in the secondary wall of wood fiber, equivalent to FWHMβ in β-profile 83 

C.I. : crystallinity index of CMF in the secondary wall of wood fiber, calculated by Eq.3 84 

WSC : width of single crystallite of cellulose, calculateed by Eq.4 85 

86 

87 

88 

89 



Introduction 90 

91 

Many of woody eudicot species often form the tension wood (TW) with the gelatinous fiber (G-fiber) along the 92 

upper side in their tilted stems or branches, where a large tensile growth stress is generated in the longitudinal 93 

direction. This is because each G-fiber tends to contract in its longitudinal direction during the maturation of the 94 

cell wall (e.g., Okuyama et al. 1990: ibid. 1994; Yamamoto et al. 2005; Clair et al. 2003; Gril et al. 2017). This 95 

helps the hardwood stem and branch to maintain their species-specific shapes against the gravitational stimulus 96 

during its secondary growth (e.g., Yamamoto et al. 2002; Fourcaud et al. 2003; Gril et al. 2017). On the other hand, 97 

the formation of TW often causes obstacles when we human beings process harvested logs into the structural 98 

lumbers. When a log containing the TW is sawn, resulting primary lumbers are irregularly warped, and/or cracked 99 

because the residual stress balanced in the log is redistributed by sawing (e.g., Kübler and Chen 1974; Okuyama et 100 

al. 2004; Kang et al. 2007).  101 

In addition, TW contracts further in the longitudinal direction due to moisture release, which results in even 102 

greater warping and cracking of the primary lumbers after drying. In severe cases, this can lead to serious failures 103 

such as longitudinal cleavage and end splitting. Defects due to drying are particularly serious when subjected to 104 

industrial kiln-drying treatment (high temperature drying) (e.g., Kang et a. 2007; Tarmian at al. 2009; Vilkovska et 105 

al. 2019). Some researchers believe that at the early stages of the high-temperature drying process, contraction of 106 

fiber called "hygrothermal recovery (HTR)" occurs along the longitudinal direction, which is unusually high 107 

especially for the G-fiber (Abe and Yamamoto 2007, Clair 2012, Sujan et al. 2015, ibid 2016, Chen et al. 2021; 108 

Vilkovska et al. 2019). After the drying treatment, it is necessary to give correction sawing to the dried lumber and 109 

remove damaged and/or warped parts in it, resulting in an extreme decrease of utilization yield of the harvested 110 

logs.  111 

Many researchers consider that behaviors peculiar to the TW are attributable to the contractile nature of 112 

cellulose-rich G-layer (Okuyama et al. 1990; ibid 2004; Clair and Thibaut 2001; Clair et al. 2003; ibid 2008; 113 

Yamamoto et al. 1992; ibid 1993a; ibid 2005; ibid 2010; Chen et al. 2021); in other words, the G-layer tends to 114 

contract in the longitudinal direction during cell wall maturation, contract again by hygrothermal treatment (HT- 115 

treatment), and contract further by moisture desorption. The strains caused by these three types of contraction are 116 

called "maturation strain," " hygrothermal recovery strain," and "drying shrinkage strain," respectively. Recently, 117 

some researchers have mentioned the role of matrix polysaccharide entrapped in the cellulose microfibrils (CMFs) 118 

of the G-layer in generating the abnormal tensile growth stress in the TW. Early authors considered that 119 

xyloglucans (XG) and xyloglucan endo-transglucosylase (XET) take part in inducing tensile stress in G-layer (e.g., 120 

Nishikubo et al. 2007; Mellerowicz et al. 2008; Baba et al. 2009); however, recent studies clarified that the main 121 

matrix substance are globular polysaccharides of rhamnogalacturonan I (RG-1), arabinogalactan protein (AGP), 122 

and acidic galactan, which are sandwiched between CMFs of the G-layer (Bowling et al. 2008; Sandquist et al. 123 

2010; Mellerowicz et al. 2012; Gorshkova et al. 2015; Almeras and Clair 2016; Guede et al. 2017). They propose a 124 

theory that volume growth of the globules causes a lateral expansion, resulting an axial contraction of the G-layer.  125 



On the other hand, the mechanisms of other two longitudinal contractions of the G-layer, which causes 126 

hygrothermal recovery strain (HTR-strain) and drying shrinkage strain in the G-fiber, are not yet sufficiently 127 

discussed compared to the case of maturation strain without some exceptions (Abe and Yamamoto 2007; Clair 128 

2012; Sujan et al. 2015; ibid 2016; Capron et al. 2018). It is natural to consider that these three kinds of contraction 129 

would interrelate each other at the level of the fine composite structure of the G-layer. Clarifying the commonalities 130 

and differences among these three contractile behaviors would ultimately lead to understanding the mechanism of 131 

each contraction of the G-layer.  132 

Kübler (1959), Yokota and Tarkow (1962), Sasaki and Okuyama (1983), Gril et al. (1993), and Gril and Thibaut 133 

(1994) were pioneer researchers involved in systematically investigating the hygrothermal recovery behaviors 134 

(HTR-behaviors) of wood. They revealed that the normal wood (NW) specimen expands by 0.5 % to 1% in the 135 

tangential direction due to the HT-treatment, while it contracts by about half of that in the radial direction. There is 136 

virtually no dimensional change in the longitudinal direction. Later, researchers reported that the reaction wood 137 

specimen changes its dimension significantly in the longitudinal direction. Softwood compression wood expands by 138 

0.5-1.0 % (Tanaka et al. 2014; Matsuo et al 2016), while hardwood TW made of G-fibers contracts by up to 2-3 % 139 

due to the HT-treatment (Abe and Yamamoto 2007; Clair 2012; Sujan et al. 2015, 2016, 2018; Capron et al. 2018). 140 

Some of these authors consider that some amount of the growth stress remains in the cell wall even after the elastic 141 

component was released by separating the wood specimen from the living stem, which is then viscoelastically 142 

released by hygrothermal softening (HT-softening), causing HTR-strain. This explains the macroscopic HTR-143 

behavior of wood, not the microscopic mechanism of HTR-strain and its relationship to the other two types of 144 

contraction in TW, based on quantitative data and convincing theory. How the G-layer, which consists of rigidly 145 

crystallized and longitudinally oriented CMFs, contracts during cell wall formation and during HT-treatment 146 

remains an unsolved mystery. 147 

In the present study, based on the above background, wood specimens containing various amount of G-fiber 148 

were collected from the tilted stem of Konara oak (Quercus serrata L), and they were subjected to HT-treatments 149 

under different temperature and time conditions, and the strains of HTR were compared among the various 150 

treatment conditions. From analyzing the obtained results, HTR-behaviors of CMF and other non-cellulosic matrix 151 

components in the G-layer were estimated. Moreover, the discussion would extend to associate HTR-behaviors 152 

with microscopic mechanisms of the other two characteristic contractions in the G-fiber, i.e., maturation strain and 153 

drying shrinkage: this will include a critical discussion of the aforementioned theory that globule-like matrix 154 

polysaccharides are involved in the generation of G-fiber maturation strain. 155 

156 



Material and Method 157 

158 

Material tree and specimen preparation 159 

160 

Tested species and sampling site 161 

162 

At the Experimental Forest of Nagoya University (Inabu mountainous district, Toyota City, Aichi Prefecture, Japan), 163 

a 19-year-old Konara oak (Quercus serrata Thunb.) (breast-height diameter 12.5 cm) that had grown on a steep 164 

slope was used as the tested tree. The inclination of the stem axis at breast height was approximately 11-13° with 165 

respect to the vertical axis. At a height of 120 cm above the ground (hereinafter, called as “Height 120”), three 166 

specimen-sampling points were circumferentially marked on the upper side of the tilted stem (i.e., concave side, 167 

where formation of the G-fiber is expected to develop) and one on the opposite side (i.e., convex side): at a height 168 

of 165 cm above the ground (hereinafter, called as “Height 165”), three, two, one specimen-sampling points were 169 

circumferentially marked on the upper, lateral, and opposite sides of the tilted stem, respectively (see Fig. 1).  170 

171 

Fig. 1 Schematic representation of tested tree and specimen preparation 172 

173 

Prior to specimen sampling, longitudinal release strains of surface growth stress were measured at five marked 174 

points on the upper and lateral sides of "Height 165" to evaluate the degree of G-fiber formation in the tested tree 175 

(see Fig. 1). The strain-gauge method was adopted to measure the released strain in a tilted stem (Okuyama et al. 176 

1981; Yamamoto et al. 1989; Yoshida and Okuyama 2002). In the TW containing a large amount of the G-fiber, it is 177 

expected to detect a negative value of the longitudinal released strain with an absolute value of more than 0.15 %; 178 

while, in the NW without forming G-fiber, the absolute value is 0.05% or less (Okuyama et al. 1990; ibid.1994; 179 

Yamamoto et al.1992). If neither is the case, the degree of development of the G-fiber formation would remain 180 

moderate or low. In this way, it is possible to efficiently collect samples with different degrees of development of 181 

G-fibers in addition to N-fibers by referring to the measurement results of longitudinal released strain of surface 182 

growth stress. 183 

184 

Specimen preparation 185 

186 

After that, a log with a length of 12 cm was cut from directly above “height 120” (call it as “log A”, hereinafter), 187 

and also directly below “Height 165” (call it as “log B”, hereinafter), and immediately transferred to the Laboratory 188 

of Wood Physics, Nagoya University (Chikusa, Nagoya, Japan) in a sealed plastic bag. From each peripheral 189 

position corresponding to the marked point, one piece (log B) or two pieces (log A) of long rectangular portion with 190 

a length (longitudinal) of 110~120 [mm], a width (tangential) of 20mm and thickness (radial) of 7~8 [mm] were cut, 191 

and each portion was divided into 5~7 rectangular specimen of which dimension was length of 15 [mm], width of 192 

15 [mm], and thickness of 5 [mm]. Healthy specimens without defects, such as knot and/or curved grain, were 193 

selected. After preparation, all specimens were stored in a fresh running water tank at room temperature so as not to 194 



dry. Those operations were done in November 2017. 195 

196 

Measurement of dimensions of specimen 197 

198 

After keeping each specimen in a running water tank at room temperature 25±2 [℃] for one week, the green 199 

dimensions of the specimen (longitudinal length lL(0) [mm] and the tangential length lT(0) [mm]), sampled from 200 

logA, were measured at room temperature. Immediately after immersing the specimen in a water tank with a 201 

treatment temperature of θ [℃] for a certain duration t [min], the specimen was rapidly cooled with ice and water in 202 

a 200 [ml] small beaker, and left unattended (12 [hour] or more) until the water temperature became equilibrated to 203 

room temperature. Then, at room temperature, the longitudinal length lL(t) [mm] and the tangential length lT(t) 204 

[mm] were measured at cumulative duration t [min] since starting the first HT-treatment.  205 

Dimensions lL(t) and lT(t) were recorded with a reading accuracy of 0.001 [mm] based on the method described 206 

in Tanaka et al. (2014). The HTR-strains εL(t) and εT(t) of the specimen having a cumulative treatment duration t207 

[min] were calculated by the following equation (Tanaka et al. 2014). 208 

ε𝐿(𝑡) =
(𝑙𝐿(𝑡) − 𝑙𝐿(0))𝑙𝐿(0)

× 100     (%),       ε𝑇(𝑡) =
(𝑙𝑇(𝑡) − 𝑙𝑇(0))𝑙𝑇(0)

× 100     (%)                                        (1)209 

210 

HT-treatment 211 

212 

Experiment 1- dimensional change due to HT-treatment  213 

214 

Treatment of Phase 1: Total 40 specimens cut from log A were evenly divided into 5 equivalent groups (G1, G2, G3, 215 

G4, G5), and were used for Experiment 1. Those were subjected to the HT-treatment temperatures at 40, 60, 80, 216 

100, 120 [℃], respectively. For treatment groups G1, G2, G3, and G4, a HT-treatment was performed by 217 

immersing the specimen in a heated water tank under normal room pressure. For treatment group G5, HT-treatment 218 

was performed using a sterilization autoclave (Pasolina, IST-150, Japan). 219 

A short time treatment (30 or 60 [min]) was given to the groups G2, G3, G4, and G5 as the initial HT- treatment, 220 

followed by repeated treatments of 60 to 150 [min] (maximum 240 [min]). For group G1, long time treatments of 221 

1000 to 2000 [min] were repeatedly performed from the initial stage of the treatment since the HT-treatment does 222 

not cause so rapid HTR-strain at a comparatively low temperature (40 [℃]).  223 

224 

Treatment of Phase 2: For groups G1, G2, G3, and G4, the HT-treatment temperature was increased by 10 to 15 225 

[℃] when the longitudinal HTR-strain of the specimen became almost constant due to the progress of the HT-226 

treatment in Phase 1. Then, the HT-treatment of Phase 2 was continued. Specimens group G5 (treated at 120 [℃]) 227 

were not treated at higher temperatures.  228 

229 



Treatment of Phase 3: 230 

For groups G1, G2, G3 and G4, all specimens were subjected to the HT-treatment at 120 [℃] when the longitudinal 231 

HTR-strain became almost constant due to the progress of the HT-treatment in Phase 2. Then, the HT-treatment of 232 

Phase 3 was continued. When the measured value of the longitudinal HTR-strain reached almost constant in Phase 233 

3, the HT-treatment was ceased.  234 

The obtained results in Experiment 1 were used for discussing the relationships between the longitudinal and 235 

tangential HTR-strains and the cumulative treatment duration. 236 

237 

Experiment 2 – degradation due to HT-treatment  238 

239 

As the HT-treatment proceeds, the specimen possibly undergoes degradation (e.g., Tejada et al. 1998; Garrote et al. 240 

2001; Kim et al. 2001). By soaking the wood in hot or cold water, some extractive components in the cell wall and 241 

lumen are removed. As the HT-treatment proceeds, some cell wall components become low molecular weight due 242 

to degradation, which are also extracted and removed (e.g., Fengel 1984). As a result, mass decrease is thought to 243 

occur in the HT-treated specimen. Thermal degradation could affect the dimensions of the specimen in the 244 

longitudinal and the tangential directions, which in turn would affect the HTR-strain.  245 

Total 18 specimen cut from log B were evenly divided into three treatment groups G6, G7, and G8 (see Fig. 1), 246 

which were used to track the change in mass of specimen with the progress of the HT-treatment. First, the green 247 

specimens were air-dried in a room environment. The specimens were then placed in a drying oven set at 60 [℃] 248 

for 24-36 [h] and then dried at 105 [℃] for 6-7 [h]. The specimen was then left to cool in a desiccator with silica-249 

gel for 15 [min] at room temperature, and the mass M (0) [g] was weighed and regarded as the oven-dry mass of the 250 

untreated specimen. After that, the dried samples were again immersed in water under room temperature to achieve 251 

water saturation, and the HT-treatment was then performed according to a predetermined temperature and time 252 

schedule. The same procedure was used to measure the oven-dry mass M (t) [g] of the specimen, where t is 253 

cumulative treatment duration since the initial heating in Experiment 2. 254 

In Experiment 2, the following equation was used to calculate the ratio of mass change δ(t) [%] when HT- 255 

treatment was performed with a cumulative treatment time t [min] from initial heating. 256 𝛿(𝑡) =
(𝑀(𝑡) − 𝑀(0))𝑀(0)

× 100     (%)                                                                   (2)257 

The value of δ(t) is negative, and its absolute value indicates the degree of degradation of the specimen due to HT-258 

treatment. In Experiment 2, three kinds of treatment schedule were set using three temperatures conditions, 80, 100, 259 

and 120 [℃] (see also Fig. 10). 260 

261 

Quantitative evaluation of degree of development of TW by X-ray diffraction (XRD) measurement 262 

263 

The G-layer consists of a high concentration of cellulose microfibril (CMF) of which longitudinal axis is more or 264 

less oriented along the longitudinal axis of the G-fiber (Onaka 1949; Wardrop and Dadswell 1955; Cȏté and Day 265 

1962; Araki et al. 1982; Okuyama et al. 1994). Those structural properties are clearly reflected in the X-ray 266 



diffraction (XRD) patterns of the specimen (Wardop and Dadswell 1955; Wada et al. 1995; Muller et al. 2006; 267 

Yamamoto et al. 2010 ; Leppanen et al. 2011; Sujan et al. 2015). This indicates that degree of TW development 268 

could be evaluated by the XRD measurement. Then, in the present study, after the completion of series of 269 

measurements in Experiment 1, degree of the development of G-fibers in each specimen was analyzed by the XRD 270 

measurement. 271 

Using a utility knife, each specimen was divided into two tangential sections of which thickness was 2-3 mm, 272 

tangential length was 13-14 mm, and longitudinal length was 14 -15 mm. After the sections were air-dried at room 273 

temperature, the samples were subjected to XRD measurements on an X-ray diffractometer (Ultima IV, Rigaku, 274 

Tokyo, Japan) using CuKα (λ = 0.15406 nm) generated at 40 kV × 40 mA. Scattered X-ray was detected by the 275 

scintillation counter after monochromatization with graphite 0002. In the wide-angle X-ray-scattering (WAXS) 276 

measurement, a wood section was placed in the center of the goniometer so that the fiber axis of the section 277 

coincided with the rotation axis of the goniometer, and diffraction profile was recorded from 2θ = 5° to 40° in a 278 

symmetrical reflection mode (i.e., Bragg and Brentano geometry) with a step size of 0.01° at a scanning rate of 3 279 

[°/min]. From the WAXS-profile, the degree of crystallinity of the cell wall substance (crystallinity index; C.I.) and 280 

the width of single crystallite of cellulose (WSC) were estimated (see eqs.(3) and (4), and Fig. 2). 281 

In the β-profile measurements, a fiber-specimen attachment (Rigaku, Tokyo, Japan) was set in the goniometer so 282 

that its rotation axis made an angle of 11.2 ~ 11.3° with the incident X-ray beam. The tangential section of wood 283 

was irradiated with the incident X-ray in a symmetric transmission mode, and the diffraction intensities along 200 284 

arc of cellulose Iβ were recorded from β = −75° to +90° with a step size of 0.5°. From the β-profile, the degree of 285 

orientation of CMF in the cell wall (Orientation index; O.I.) was measured (see Fig. 3).  286 

287 

Fig. 2  Typical WAXS profiles of solid wood sections of (a) TW and (b) NW. From WAXS profile, 288 

values of C.I. (crystallinity index) and WSC (width of single crystallites) of CMF are 289 

calculated using Eqs.(3) and (4), respectively. Linear background was already eliminated in 290 

each profile. 291 

292 

Fig. 3  Typical β-profiles of solid wood sections of (a) TW and (b) NW specimen. From β-profile, an O.I., 293 

(= full width of half maximum in the diffraction peak (FWHMβ)) is calculated. Value of O.I. is a 294 

convenient indicator of the average MFA in the cell wall. Linear background was already eliminated 295 

in each profile. 296 

297 

In advance that those parameters were calculated from XRD profiles, each profile must be peak-fitted and 298 

smoothed after eliminating the linear background. WAXS profile was smoothed by the simple superposition of 299 

several Lorentzian functions corresponding to typical diffraction peaks of cellulose Iβ crystal and the amorphous 300 

hallo as shown in Fig. 2. The β-profile was also smoothed by the simple superposition of Lorentzian functions 301 

corresponding to diffraction arcs from the secondary wall and G-layer (see, Fig. 3). When fitting both profiles, the 302 

least square method using Excel solver (Microsoft 365) was adopted. 303 

C.I. was defined by the following formula with reference to Segal (1959), Toba et al. (2013), Agarwal et al. 304 



(2017), and so forth: 305 𝐶. 𝐼. [%] =
𝐼200 − 𝐼𝑎𝑚𝑜𝑟𝐼200 × 100                                                                         (3), 306 

where I200 and Iamor are respectively the maximum intensity at 200 peak and the minimal intensity around 2θ =18⸰ in 307 

the WAXS profile which was smoothed after eliminating the background.  308 

The value of WSC was calculated from the following Scherrer’s formula (e.g., Agarwal et al. 2017), assuming 309 

that instrumental broadening could be negligible in the present measurement: 310 𝑊𝑆𝐶 [𝑛𝑚] =
𝐾 ∙ 𝜆𝐵 ⋅ cos𝜃200 (4), 311 

where K is Scherrer’s constant (= 0.9): λ is a wavelength of CuKα radiation (= 0.15406 [nm]): B is a full width at 312 

half maximum (FWHM200) in the deconvoluted 200 diffraction peak: θ200 is Bragg’s angle of the 200 diffraction. 313 

The value of O.I. was evaluated by the full width at the half maximum (FWHMβ) of the main peak in the β-314 

profile, which was smoothed after removing the background.  The Cave’s angle T is also well known as a 315 

convenient indicator of so-called average microfibril angle (MFA) of softwood and normal hardwood specimens 316 

(e.g., Meylan 1967; Cave 1966; Yamamoto et al. 1993b; Tanaka et al. 2014): this is basically proportional to the 317 

FWHMβ of the main peak in the β-profile, i.e., O.I.. Sujan et al (2015) applied the idea of angle T to the specimens 318 

of Konara-oak (Q. serrata) and Urihadakaede-maple (A. rufinerve) containing G-fiber, and they revealed that the 319 

angle T decreases as the proportion of G-fibers increases. This can be explained by the fact that the CMF of the G-320 

layer are oriented along the fiber axis in the G-fiber, and that the angle T or FWHMβ are convenient indicators of 321 

the degree of development (composition ratio) of G-fiber. Hence, in the present study, O.I. was adopted as a simpler 322 

and more convenient indicator of TW development in each specimen. 323 

324 

325 

Results and discussion 326 

327 

Detection of TW formation by the released strain of the growth stress in a standing tree 328 

329 

Contractile released strains of −0.18 ~ −0.25 % were detected on the upper side of the tilted stem of the tested tree 330 

(at the measurement point 2, 3, and 4 of “Height 165” in Fig. 1), while values of −0.046 and −0.094% were 331 

detected on the lateral sides (at 1 and 5 at “Height 165”). In the present study, released strain was not measured on 332 

the opposite side; however, it has been empirically known that on the opposite side in a tilted stem, the longitudinal 333 

released strain is normally a small contractile value of which absolute value varies in the range of 0 ~ 0.05 % and 334 

that no G-fiber is formed (e.g., Okuyama et al. 1990; ibid. 1994).  335 

Considering all these results, it was concluded that the tested tree was likely to form a developed TW on the 336 

upper side of the tilted stem, while the NW was formed on the opposite and part of lateral sides. 337 

338 

Evaluation of degree of TW development by the XRD measurement 339 

340 



The specimen sampled from the upper side of the tilted stem often showed WAXS-profiles typical of pure 341 

crystallized cellulose I (see Fig. 2a), which was identified as TW specimen. In contrast, specimens prepared from 342 

lower (=opposite) side showed profiles typical of cellulose I in lignified cell walls (see Fig. 2b), which was 343 

identified as NW specimen. In the former cases, the 11̅0 and 110 peaks at 2θ = 15~17° were more or less separated, 344 

but in the latter cases, these peaks were not separated but were rather a single broad peak. The width of the 200 345 

peak at 2θ = 22.2~22.6° was smaller in the TW specimens (Fig. 2a) than in the NW specimens (Fig. 2b), and the 346 

ratio of the intensity of the 200 peak to that of the amorphous halo at 2θ = 18° was larger in the TW specimens than 347 

in the NW specimens. There was no visible indication for the degradation and/or phase transformation of cellulose 348 

crystal structure. Those characteristics coincided with the previously reported results (e.g., Wardop and Dadswell 349 

1955; Wada et al. 1995; Muller et al. 2006; Leppanen et al. 2011; Yamamoto et al. 2010).  350 

The β-profiles of both the TW and the NW specimens showed single peaks symmetrical with respect to the 351 

rotation (azimuthal) angle β, but O.I. of the former was much smaller and the diffraction intensity at the symmetry 352 

axis was larger than the latter (see Fig. 3a,b). Some specimens sampled from the upper side of the tilted stem fell 353 

into intermediate categories between the developed TW and the NW both for WAXS and β-profiles. In such 354 

specimens, G-fibers are formed, but their ratio is not considered to be very high.  355 

The above results indicate that the developed TW specimen contains much amount of G-layer, which consists of 356 

a large amount of highly crystallized CMF that are oriented in the direction parallel to the longitudinal axis of the 357 

G-fiber. On the other hand, in NW specimen, CMF is oriented more or less inclined to the longitudinal axis of the 358 

fiber, which may result in a broader β-profile; furthermore, crystallization of the cell wall is relatively prevented by 359 

the deposition of lignified matrix substance. Based on the method described above, all specimens used were 360 

classified as either tension wood or normal wood. 361 

362 

Experiment 1 363 

364 

HTR-strain in the longitudinal direction 365 

366 

In the treatment of Phase 1, specimen containing G-fiber (i.e., TW specimen) showed irreversible contraction (= 367 

negative HTR-strain) in the longitudinal direction. In the treatment groups G1, G2, and G3, the TW specimen 368 

shrank exponentially as the treatment progressed, and eventually converged to each fixed value. In the treatment 369 

groups G4 and G5, a rapid contraction, called “initial recovery” by Sujan et al. (2015), was remarkably observed at 370 

the beginning of the treatment, and then the contraction continued slowly, which was called “continuum contraction” 371 

by Sujan et al. (2015). It eventually converged to each fixed value (Fig. 4). Those coincided with the previous 372 

results reported by Sujan et al. (2015, 2016). The NW specimen showed almost no dimensional change. However, 373 

in the treatment group G5, the specimen shrank linearly with the progress of treatment as shown in Fig. 4. The 374 

magnitude of the contraction in NW specimen, however, was not nearly as large as that shown by the TW specimen.  375 

376 

Fig. 4 Time-dependent evolutions of longitudinal HTR-strains in Experiment 1 377 

378 



In the treatment of Phase 2, the HT-treatment temperature was increased by 10 [℃] in G1, G2, and G3, and by 379 

15 [℃] in G4. The TW specimen further shrank exponentially regardless of treatment temperatures, and eventually 380 

converged to each fixed value. The NW specimen showed almost no dimensional change except group G4 where 381 

specimen shrank linearly with the progress of treatment (see Fig. 4).  382 

In the treatment of Phase 3, all specimens were subjected to the HT-treatment at 120 [℃]. The TW specimen 383 

shrank rapidly but exponentially regardless of treatment groups. The NW specimen also shrank linearly regardless 384 

of treatment groups as shown in Fig. 4. However, the magnitude of the contraction in NW specimen was not nearly 385 

as large as that shown by the TW specimen regardless of treatment groups. 386 

Figures 5(a) and 5(b) show the relationships between the longitudinal HTR-strains and the treatment 387 

temperatures at the end of Phase 1 and Phase 2, respectively. For both phases, the specimens that showed the larger 388 

HTR-strains in each group were all TW specimens. In both Phase 1 and Phase 2, the higher the treatment 389 

temperature group, the greater the longitudinal HTR-strain in developed TW specimens. In addition, the 390 

longitudinal HTR-strain at the end of Phase 3 is shown in Fig. 5(c). From Fig. 5(c), it appears that the absolute 391 

value of the HTR-strain would increases slightly in the order of G1, G2, ..., G5. However, the one-way ANOVA 392 

showed no effect of grouping on the variation of the HTR-strains, which indicates that there is no significant bias in 393 

dividing the specimens into five groups, from G1 to G5. 394 

395 

Fig. 5  Longitudinal HTR-strains in each group at the end of Phase 1 (left), Phase 2 (center), and Phase 396 

3 (right) 397 

398 

Fig. 6  Correlations of O.I. (orientation index, quantified from FWHMβ in β-profile), C.I. 399 

(crystallinity index, calculated by Eq.3), and WSC (width of single crystallite of cellulose, 400 

calculated by Eq.4) with the longitudinal HTR-strains at the end of Phase 3 in Experiment 1 401 

402 

Figures 6(a), (b), and (c) show correlations of O.I. (orientation index, equivalent to FWHMβ in β-profile), C.I. 403 

(crystallinity index, calculated by Eq.3), and WSC (width of single crystallite of cellulose, calculated by Eq.4) with 404 

longitudinal HTR-strains at the end of Phase 3. These parameters can be considered as indicators of the degree of 405 

“TW development” in the anatomical sense. The results of Fig. 6 shows that the absolute value of longitudinal 406 

HTR-strain increases monotonically with the degree of “TW development”. This indicates that the specimens with 407 

the large absolute values of longitudinal HTR-strains in each group are those with the highly developed TW.  408 

Figure 7 is a composite of Fig. 5(a) and Fig. 5(b). It is found that there is a linear relationship between the 409 

treatment temperature θ [℃]  and the maximum absolute value of the longitudinal HTR strain aL (solid circle) when 410 

the treatment temperature condition is less than 100 °C. The relation was approximated as the following regression 411 

line:  412 𝑎𝐿(𝜃) [%] = −0.0339𝜃 + 1.1387      (𝑅2 = 0.9947) (5). 413 

However, in the regression including treatment groups G4 and G5, a nonlinearity occurred, where the higher the 414 

treatment temperature, the greater the contraction. 415 

According to the regression line (Eq. 5), when the HT-treatment temperature is below 33.6℃, the longitudinal 416 



HTR-strain becomes positive, but this cannot happen in practice. Probably, threshold temperature, i.e., the lower 417 

limit of the treatment temperature at which the TW generates the longitudinal HTR-strain is 33.6 [℃]. As pointed 418 

out by Yokota and Tarkov (1961), this may be due to the estimated history that the maximum temperature just 419 

beneath the bark of a living tree stem was about 33.6 [℃] in the recent summer season. As a matter of fact, the 420 

tested tree was collected from a sunny slope in a mountainous area in Aichi Prefecture, Japan. 421 

422 

Fig. 7  A composite of Fig. 5a and Fig. 5b. A linear relationship was detected between treatment 423 

temperature and the maximum absolute value of longitudinal HTR-strain (solid circle) at the end of 424 

Phase 1 and Phase 2 for treatment temperatures below 100 [℃].425 

426 

Fig. 8  Time-dependent evolution of longitudinal HTR-strains for TW and NW in Experiment 1. 427 

The curves with the largest (highly developed TW) and smallest (NW) absolute values were picked 428 

up from each group in Fig. 4, and they were reconstructed as Fig. 8. Values in the figures are 429 

treatment temperatures.  430 

431 

From each group in Fig. 4, the curves with the largest (highly developed TW) and smallest (NW) absolute 432 

values were picked up, and they were reconstructed in a single figure as Fig. 8. It can be clearly understood that the 433 

magnitude of the longitudinal HTR-strain in the developed TW is controlled by the treatment temperature, whereas 434 

in the NW it does not occur explicitly until the temperature is above 115°C. 435 

Sujan et al. (2015) is the first report referring the characteristic behaviors of the longitudinal HTR-strains in TW 436 

specimen, i.e., initial recovery and continuum contraction. Origins of those behaviors will be discussed in Chapter 437 

of General Discussion. 438 

439 

HTR-strain in tangential direction  440 

441 

Figure 9 shows the time-dependent evolution of the tangential HTR-strain in Experiment 1. The curves shown in 442 

Fig. 9 are for the specimens used in Fig. 8.  443 

444 

Fig. 9  Time-dependent evolutions of tangential HTR-strains at each treatment group. 445 

Displayed curves are for specimens used in Fig. 8. 446 

447 

In the treatment of Phase 1, rapid expansions were observed in the initial stage of treatment except for the group 448 

G1 with the treatment temperature of 40[℃]. Thereafter, for treatment groups G1, G2, G3, and G4, the expansion 449 

progressed slowly as the treatment progressed and finally converged to their respective constant values. However, 450 

in the group G5 with the treatment temperature of 120[℃], the tangential HTR-strain expanded greatly at the very 451 

beginning of the treatment and then decreased gradually with the progress of the treatment. A negative value of the 452 

tangential HTR-strain was observed in the NW specimen in G5 at the end of Experiment 1. 453 

In the treatment of Phase 2, the HT-treatment temperature was increased by 10 [℃] in G1, G2, and G3, and by 454 



15 [℃] in G4. In treatment groups G1, G2, and G3, the tangential HTR strain increased slightly as the treatment 455 

progressed, and soon became constant. In treatment group G4, the tangential HTR-strain once reached the 456 

maximum value at the very early stage in Phase 2, and then the dimension decreased slowly as the treatment 457 

progressed.  458 

In the treatment of Phase 3, all specimens were subjected to HT treatment at 120 [℃]. For both TW and NW 459 

specimens, the tangential HTR-strain increased rapidly at the early stage in Phase 3, but then decreased gradually as 460 

the treatment progressed.  461 

Regardless of treatment groups, tangential HTR-strain was found to be greater for the TW specimen than for the 462 

NW specimen, as was the case for the longitudinal HTR-strain. However, the quantitative difference in tangential 463 

HTR-strain between TW and NW specimen was not as large as in the case of longitudinal HTR strain. 464 

It was revealed that both NW and TW expanded in the tangential direction when HT-treatment was performed 465 

at temperatures below 100[°C], and that the tangential HTR-strain became more positive with higher HT-treatment 466 

temperatures, even though the correlation was not as high as the longitudinal HTR-strain. When treated at higher 467 

temperatures such as 115 [°C] or 120 [°C], the NW and TW expanded rapidly in the tangential direction once at the 468 

beginning of the treatment and then turned to contract. Those results suggest that there is an intrinsic difference in 469 

the HTR behavior between treatment temperatures below 100[℃] and above 115[℃], which may be attributed to 470 

the different modes of thermal degradation at lower and higher treatment temperatures. 471 

The above results do not clearly state whether the HTR-strain in the TW specimens occurred during the HT-472 

treatment or by cooling after the HT-treatment. Matsuo-Ueda et al. (2018) observed the time-dependent evolution 473 

of longitudinal HTR-strain of Zelkova serrata TW in real time using commercially available strain-gages (KFGS-5-474 

120-C1-11, Kyowa Electronic Instruments, Tokyo, Japan) glued with cyanoacrylate adhesive (CC-33A, Kyowa 475 

Electronic Instruments, Tokyo, Japan). The results showed that strain occurred during HT-treatment. Real-time 476 

measurement of HTR-strain was also confirmed by early authors (Yokota and Tarkow 1962; Sasaki and Okuyama 477 

1983) on NW specimens of softwood in the longitudinal, the tangential, and the radial directions using an electric 478 

displacement-meter. Based on these reports, it is rather natural to consider that the HTR-strains obtained in the 479 

present study occurred in the TW during the HT-treatment, both in the longitudinal and tangential directions. 480 

481 

Experiment 2 482 

483 

Treatment of Phase I  484 

485 

In the treatment of Phase I, the treatment groups G6, G7, and G8 were HT-treated under the temperature conditions 486 

of 80, 100, and 120 [℃], respectively (see Fig. 10). In this treatment phase, all specimens showed a rapid mass loss 487 

[%] immediately after the treatment started regardless of groups, and regardless of difference in TW, OW, or LW. In 488 

treatment groups G6 and G7, even though the treatment temperature was not changed, there was a sudden braking 489 

of the rapid progress of mass loss, followed by a weak mass loss until the end of treatment of Phase I. In contrast to 490 

G6 and G7, in treatment group G8, the rapid mass loss continued until the end of Phase I, although there appeared 491 

to be a very slight braking at the very beginning of Phase I.  492 



493 

Treatment of Phase II 494 

495 

In this treatment phase, all the treatment groups were subjected to the HT-treatment with step-functionally 496 

reciprocating temperature-schedule between 80 [℃] and 100 [℃], that is, 80 [℃] → 100 [℃] →80 [℃] →100 497 

[℃]→80 [℃]. In G6 and G7, a slight mass loss continued until the end of Phase II. In G8, as soon as it entered 498 

Phase II, the rapid mass loss that had proceeded in treatment of Phase I stopped abruptly, and thereafter the mass 499 

loss proceeded slowly as in G6 and G7. It is considered that the difference of treatment temperature between 80 500 

[℃] and 100 [℃] had little effect on the time-dependent pattern of mass loss. In the treatments of Phase I and 501 

Phase II, mass loss was greater in TW than in NW (i.e., OW and a part of LW) regardless of treatment groups. 502 

503 

Treatment of Phase III 504 

505 

In this phase, all the specimens were subjected to the HT-treatment at 120 [℃] for the entire period. All specimens 506 

showed a rapid mass loss regardless of treatment group and regardless of difference of TW, OW, or LW. The rapid 507 

mass loss continued until the treatment temperature was lowered to 80 [℃] in the subsequent treatment phase.  508 

509 

Treatment of Phase IV 510 

511 

All groups were subjected to the HT-treatment at 80 [℃]. In this treatment phase, almost no mass loss proceeded 512 

regardless of difference of TW, OW, or LW. In the treatment of Phase IV, mass loss was greater in OW than in TW 513 

and LW regardless of treatment groups. 514 

515 

Treatment of Phase V 516 

517 

All groups were subjected to the HT-treatment at 120 [℃]. In all groups, mass loss proceeded rapidly regardless of 518 

difference of TW, OW, or LW as in treatment of Phase III. In this treatment phase, mass loss was the largest in the 519 

OW specimen regardless of treatment groups. 520 

521 

Fig. 10  Mass change rate due to various HT-treatment schedules. Lateral wood specimen often 522 

contained G-fiber. Roman numbers on the top of figures stand for HT-treatment phases in Experiment 2. 523 

524 

A possible mechanism of HT-degradation of cell wall 525 

526 

Regardless of the treatment temperature, a rapid mass loss was observed in Phase I at the very beginning of the 527 

treatment, which was probably due to the elution of the extractive components in the fiber lumen or relatively large 528 



cavities in the cell wall. After that, the mass loss proceeded very slowly when treated at temperatures below 100 529 

[°C] (treatments of Phase II and IV) and there was no substantial difference in the progress of mass loss between 80 530 

[°C] and 100 [°C]. On the other hand, the rapid mass loss progressed without stopping when treated at 120 [°C] 531 

(treatments of Phase III and V). In the case of treatment below 100 [°C], remaining extractive components and low-532 

molecular-weight components were gradually removed, while in the case of treatment at 120 [°C], some cell wall 533 

components were actively decomposed and removed, resulting in rapid mass loss.  534 

Many researchers believe that CMF, a crystalline polysaccharide, is rather thermally stable below 300 [°C] (e.g., 535 

Kim et al. 2001). This suggests that more non-crystalline matrix components are degraded and removed from the 536 

cell wall by 120 [°C] treatment. This could be closely related to the linear increase in the negative value of the 537 

longitudinal HTR strain in the NW (see Fig. 8), and the rapid decrease in the tangential HTR strain in the TW and 538 

the NW specimen (see Fig. 9) when treated at 120 [°C]. The time-dependent evolution of longitudinal HTR-strain 539 

in TW cannot be explained by the degradation and removal of cell wall matrix components. The mechanism will be 540 

discussed in detail in the following Chapter. 541 

542 

General discussion 543 

544 

Why does the G-fiber contract by the HT-treatment? A possible mechanism 545 

546 

From Experiment 2, it was suggested that the difference of temperature between 80 [℃] and100 [℃] had little 547 

effect on the time-dependent evolution of mass loss (see treatments of Phase II and IV in Fig. 10). On the other 548 

hand, in Experiment 1, it was shown that there was a clear quantitative difference in both longitudinal and 549 

tangential HTR-strains between 80 [℃] and 100 [℃] (see Figs. 8 and 9). These suggest that there may be some 550 

other factor controlling the magnitude of HTR-strain other than the elution of extractives and/or the decomposition 551 

of matrix components in the region of treatment temperature less than 100 [℃]. Some early authors reported that 552 

even at relatively low temperatures below 100 [℃], the HT-treatment often softens the matrix components of 553 

softwood and hardwood cell wall (Goring 1965; Tejada et al. 1998). If we consider that HTR-behavior is caused by 554 

delayed recovery of the viscoelastically-locked growth stresses in the cell wall as pointed out by another early 555 

authors (Kübler 1959, Yokota and Tarkov 1962; Sasaki and Okuyama 1983; Gril et al. 1993; Gril and Thibaut 1994), 556 

then HT-softening may be one of factors accelerating delayed recovery; moreover, the degree of HT-softening of 557 

the cell wall may be temperature dependent. In the following, we would like to develop this idea into a more in-558 

depth microscopic mechanism of HTR-behavior in TW based on the results revealed in the present study. 559 

Isolating a small wood specimen from a living stem would elastically release some part of the tensile stress 560 

generated in the crystalline cellulose microfibril (= CMF) of the G-layer; as the result, the G-fiber contracts 561 

instantaneously in its longitudinal direction. In the present study, values of about −0.18~ −0.25 [%] were detected 562 

as longitudinal released strains of the surface growth stress (= maturation strain) in a tilted stem of Konara oak. On 563 

the other hand, there should still be tensile stress in the CMFs of the G-layer that was not released instantaneously. 564 

This is expected to be released by the softening and/or decomposition of the matrix components of the G-layer and 565 

the lignified secondary walls of the G-fibers by the HT-treatment. During this process, the G-fiber contracts again, 566 



the magnitude of which depends on the HT-treatment temperature since degree of HT-softening of the matrix 567 

components is temperature dependent. From the macroscopic point of view, we can consider that the longitudinal 568 

HTR-strain can be described as a delayed recovery of viscoelastically-locked tensile growth stress in the G-layer, 569 

which is accelerated by HT-softening of the cell wall. 570 

571 

A hypothetical mechanism of origin of drying shrinkage in TW 572 

573 

In the present study, drying shrinkage strain was not measured, even though many results had been ever reported 574 

concerning about it by early authors (e.g., Yamamoto et al. 1992; ibid. 2005; ibid. 2010; Abe and Yamamoto 2007; 575 

Sujan et al. 2018; Clair and Thibout 2001; Clair et al. 2003; Vilkovska et al. 2019). It is natural to consider that 576 

moisture desorption causes a large scale of volumetric shrinkage of matrix component in the G-layer and the 577 

lignified layer. This enables the cellulose single crystallites that had been stretched to be recovered. In other words, 578 

during the drying process, the G-fiber can contract due to the concerted effect of the remaining tensile stress in the 579 

CMF and the drying shrinkage of the matrix component in the G-layer and the lignified layer. 580 

581 

Generation mechanism of maturation strain as a missing link 582 

583 

If the above arguments are correct, we first need to explain why the CMF generates tensile stress when it is formed. 584 

Experiment 1 showed that the maximum longitudinal HTR-strain of the TW specimen was about -3[%] when 585 

subjected to repeated high temperature treatments of 120[°C]. This indicates that the cellulose crystallite in the G- 586 

layer of TW were subjected to tensile stress corresponding to a lattice strain of about 3 [%] or more. Although this 587 

does not exceed the proportional limit of the stress-strain curve of a cellulose crystallite (e.g., Wu et al. 2014), it is 588 

still an unreasonably large value for the lattice strain of cellulose crystallite in vivo. These may suggest that the 589 

observed HTR-strain does not originate from the unit cell of cellulose crystallite, but from the structural property of 590 

the CMF as an aggregate of several single crystallites. This could be attributed to the twisted structure of the rod-591 

shaped single crystallites of cellulose (e.g., Fernandes et al. 2011; Paavilainen et al. 2011; Conley et al. 2017; 592 

Willhammar et al. 2021). According to those authors, it is considered that a single crystallite of cellulose exhibits 593 

energy stability by adopting a twisted structure.  594 

In the process of formation of the G-layer, the newly synthesized crystallites of cellulose form the CMF through 595 

interaction with the surrounding matrix components and water molecules (e.g., Joseleau et al. 2001; Kim et al. 596 

2002; Fang and Catchmark 2014). At this time, the single cellulose crystallite with the twisted structure will 597 

probably be stretched beyond its original length to form the CMF in G-layer. After that, as the deposition of the 598 

matrix component is completed, the stretching deformation of the single crystallite is fixed, which causes tensile 599 

stress generation in the longitudinal direction in the G-layer. Of course, this is more than a mere speculation with 600 

little evidence to support it. 601 

As described in Introduction, several researchers have hypothesized the roles of amorphous globular 602 

polysaccharides such as RG-1, AGP, and acidic galactan form in the gaps between CMFs in the G-layer in 603 

generating a longitudinal tensile stress in the CMFs of the G-layer (Bowling et al. 2008; Sandquist et al. 2010; 604 



Mellerowicz et al. 2012; Gorshkova et al. 2015; Guede et al. 2017; Almeras and Clair 2016). If so, it would mean 605 

that even though amorphous polysaccharides are generally unstable to HT-treatment at temperatures higher than 606 

100 [°C] (Tejada et al., 1998), those globular polysaccharides are thermally stable to high HT-treatment 607 

temperatures, unlike the other matrix components of the cell wall. Again, this is not beyond one of the possible 608 

ideas and there is still little evidence to support it.  609 

610 

Macroscopic description of time-dependent evolution of longitudinal HTR-strain in TW  611 

612 

Formulation 613 

614 

As mentioned above, from a macroscopic point of view, longitudinal HTR-strain in the G-fiber can be described as 615 

the delayed recovery of tensile stress viscoelastically-locked in the G-layer. Based on this idea, Sujan et al. (2016) 616 

and Capron et al. (2018) attempted to formulate the time-dependent evolution of the observed HTR-strain. For the 617 

simulation, they employed a mathematical model that combines two Voigt-elements in series. As the result, they 618 

succeeded in simulating the "initial recovery" and "continuum contraction" which are observed specifically in the 619 

G-fiber. In this subchapter, their simulation will be further generalized to quantitatively explain evolutions of the 620 

longitudinal HTR-strains revealed in Experiment 1. Detailed process of formulation was described in Appendix of 621 

this paper. 622 

Assume that the TW specimen was subjected to HT-treatment at temperature θ1 (> θ0), where θ0 is the threshold 623 

temperature. The longitudinal HTR-strain εL(t, θ1) in the G-fiber is formulated by the following equation (see 624 

Appendix A) 625 𝜀𝐿(𝑡,𝜃1) = ∫ (1 − 𝑒−𝑘(𝜃,𝜃1)𝑡)𝑎𝐿0𝜃1𝜃0 𝑑𝜃 (6)626 

where a positive value k(θ, θ1) is a two-variable function of θ (satisfies θ0 < θ < θ1) and the treatment temperature 627 

θ1; this corresponds to the retardation time of the Voigt-element. Hereafter, we refer parameter θ as “hidden 628 

temperature of the treatment temperature θ1”. In other words, k(θ, θ1) represents the degree of ease of softening of 629 

cell wall component that becomes soften at temperature θ under the HT-treatment temperature θ1. The constant aL
0630 

is the gradient of the linear equation (5), that is, aL
0 = −0.0339 [% /°C]. 631 

From the microscopic point of view, cell wall softening would occur in the matrix components as discussed 632 

above. It is considered that the matrix component of the G-layer consists of many kinds of amorphous 633 

polysaccharides, each of which has its own softening temperature θ (θ0 < θ < θ1) and the softening rate of each is 634 

affected also by the treatment temperature θ1, which would be formulated as the function k(θ, θ1). From eq.(6), we 635 

can see that evolution of the longitudinal HTR-strain εL = εL(t, θ1) is determined by the functional form of k(θ, θ1), 636 

which is calculated back through reproducing the observed longitudinal HTR-strain by using Eq.(6). It is sufficient 637 

to discuss the physical meaning of the θ-dependence of back-calculated function k(θ, θ1).  638 

639 

Assumptions for simulations640 

641 



Equation (6) was used to simulate the time-dependent evolution of εL = εL(t, θ1) for the cases θ1= 60, 80, 100, and 642 

120 [°C]. Results of simulation were compared with the observations in Phase 1 of Experiment 1. In this simulation, 643 

we assume that k(θ, θ1) varies continuously in the temperature range of θ0 < θ < θ1. The following cases are tested 644 

for the function k(θ, θ1). 645 

Case 1: k(θ, θ1) is independent of θ, but depends on the treatment temperature θ1, and k(θ, θ1) increases with θ1. 646 

In other words, we assume that the degree of HT-softening is uniform regardless of the hidden temperature θ, 647 

and softening rate increases with θ1. 648 

Case 2: k(θ, θ1) becomes larger as the absolute value of the difference between θ1 and θ becomes larger. This 649 

means that the softening of the matrix components at a certain hidden temperature θ proceeds faster as the 650 

difference between the HT-treatment temperature θ1 and θ becomes larger. 651 

Figures 11 and 12 show results of the simulations based on the above assumptions.  652 

653 

Result of simulation 654 

655 

Eq.(6) explains that the evolution of the longitudinal HTR-strain of the G-fiber depends on the HT-treatment 656 

temperature. For the pattern of evolution of longitudinal HTR-strain, Case 1 can only explain either the occurrence 657 

of "continuous contraction" or the occurrence of "initial recovery". That is, the former is explained by relatively 658 

smaller k(θ, θ1) (Fig. 11(a)), while the latter is explained by larger k(θ, θ1) (Fig.11 (b)). On the other hand, Case 2659 

can explain both observed occurrence of "initial recovery" and "continuous contraction" at the same time (see, Fig. 660 

12). The result suggests that the softening of the matrix components at a certain hidden temperature θ proceeds 661 

more rapidly as the difference between the treatment temperature θ1 and θ becomes larger. 662 

663 

Fig. 11  Simulated results of evolutions of longitudinal HTR-strains in the treatment of Phase 1 of 664 

Experiment 1 (upper panels). Lower panels show assumptions of θ-dependencies of function k(θ, 665 

θ1) (θ1 = 60, 80, 100, and 120 [°C]). Case 1 was adopted: k(θ, θ1) is independent of θ and 666 

depends on the treatment temperature θ1. Furthermore, the simulation was performed assuming 667 

that k(θ, θ1) increases with θ1.   (a): A subcase for comparatively smaller k(θ, θ1)   (b) A subcase 668 

for comparatively larger k(θ, θ1). 669 

670 

In both simulations, when the treatment temperature is 120 [°C] and the treatment time exceeds 1000 [min], 671 

there is a slight deviation between the observed and simulated values. The former is larger than the latter in 672 

absolute value. This is because Eq. (6) does not take into account shrinkage due to decomposition and lelution of 673 

matrix components at treatment temperatures above 115 [°C]. In general, it can be said that Case 2 gives more 674 

reasonable results, but it is only one of the possible sufficient conditions to explain the observed time-dependent 675 

evolution of the longitudinal HTR-strain, and so far it is not beyond the realm of hypothesis.  676 

677 

Fig. 12  Simulated results of evolutions of longitudinal HTR-strains in the treatment of Phase 1 678 

of Experiment 1 (upper panels). Lower panels show assumptions of θ-dependencies of function 679 



k(θ, θ1) (θ1 = 60, 80, 100, and 120 [°C]). Case 2 was adopted: k(θ, θ1) becomes larger with the 680 

absolute difference between θ1 and θ. This assumes that the softening of the matrix components 681 

at a certain hidden temperature θ proceeds faster as the difference between θ1 and θ becomes 682 

larger. 683 

684 

Conclusion 685 

686 

This study aimed to explain why tension wood (TW), which is composed of gelatinous fibers (G-fiber), contracts in 687 

the longitudinal direction upon HT-treatment. For this purpose, developed TW specimens of Konara oak (Quercus 688 

serrata) were subjected to the HT-treatment at temperatures of 40, 50, 60, 70, 80, 90, 100, 115, and 120 [°C], and 689 

hygrothermal recovery strain (HTR-strain) in TW specimen was followed during the HT-treatment (Experiment 1). 690 

The mass loss due to HT-treatment at treatment temperatures of 80, 100, and 120 [°C] was also followed to 691 

compare with the time-dependent evolution of the HTR-strain (Experiment 2).  Obtained results are summarized as 692 

follows.  693 

Experiment 1: 694 

(R1) Green TW specimen of Konara oak contracted in the longitudinal direction when subjected to the HT-695 

treatment at a treatment temperature higher than 40 [℃], which eventually converged to a constant value 696 

according to each treatment temperature. Magnitude of the longitudinal HTR-strain in a typical TW was 697 

positively correlated with the treatment temperature.  698 

(R2) Green NW specimen showed almost no longitudinal contraction nor elongation at a treatment temperature 699 

bellow 100 [℃]; however, it contracted linearly and continuously as the treatment proceeds when subjected to 700 

the HT-treatment at a treatment temperature higher than 115 [℃].  701 

Experiment 2: 702 

(R3) Both TW and NW specimens showed mass loss when subjected to the HT-treatment. The mass loss rate 703 

increased rapidly at 120[°C] treatment, while it was only slight at the HT-treatment below 100[°C]. The 704 

progressive mass loss at 120[°C] in Experiment 2 was consistent with a rapid decrease in the tangential HTR-705 

strain in the TW and NW specimen and the linear increase in the negative value of longitudinal HTR-strain in 706 

the NW specimen in Experiment 1. There was no significant difference between the mass loss behavior of TW 707 

and NW by the HT-treatment.  708 

709 

From the obtained results, the following conclusions were made: 710 

(C1) A tensile stress is generated in the CMF in the G-layer during its maturation. This induces the longitudinal 711 

tensile growth stress in the G-fiber of living TW. 712 

(C2) Some of the tensile stress in the CMF is elastically released by separating the wood specimen from the living 713 

stem, but much of the tensile stress still remains in the G-layer without being released. This stress is released 714 

by the softening and/or decomposition of the matrix component by HT-treatment. In this process, TW shows a 715 

longitudinal contraction, that is, the longitudinal-HTR-strain. 716 

(C3) Moisture desorption causes a large scale of volumetric shrinkage of matrix component in the G-layer. This 717 

enables the CMF that had been stretched to be recovered. In other words, the drying process allows the G-fiber 718 



to longitudinally contract due to the concerted effect of the remaining tensile stress in the CMF and the 719 

shrinking stress of the matrix substance in the G-layer.   720 

(C4) From a macroscopic point of view, the longitudinal HTR-strain can be formulated as a delayed recovery of 721 

tensile growth stress viscoelastically-locked in the G-layer, which is accelerated by HT-treatment at 722 

temperatures higher than the threshold temperature.  723 
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876 

Appendix. A macroscopic description of time-dependent evolution of longitudinal HTR-strain in TW 877 

specimen (G-fiber) 878 

879 

Assume that the TW specimen (= G-fiber) is subjected to temperature treatment at the actual temperature θ1 (> θ0). 880 

If the specimen is hypothetically subjected to HT-treatment at a temperature θ lower than the actual treatment 881 

temperature θ1 (θ0 < θ < θ1), the maximum longitudinal HTR-strain will be given by aL(θ) (see Eq.5), where we 882 

refer to θ as the “hidden temperature” under the actual treatment temperature θ1. Next, suppose the treatment 883 

temperature is infinitesimally increased by Δθ, the maximum longitudinal HTR-strain will be increased by ΔaL(θ).  884 

Based on this ΔaL(θ), we introduce a function ΔεL(t, θ, θ1) which depends on both time t and the actual HT-885 

treatment temperature θ1, and converges to ΔaL(θ) after a sufficient time. The function ΔεL(t, θ, θ1) is monotonically 886 

decreasing with t and satisfies the following boundary conditions,   887 Δ𝜀𝐿(0,𝜃,𝜃1) = 0,     lim𝑡→∞Δ𝜀𝐿(𝑡,𝜃, 𝜃1) = Δ𝛼𝐿(𝜃, 𝜃1) = Δ𝛼𝐿(𝜃) .                                     (A1) 888 

Then, we introduce a convergent-type function ψ(t, θ, θ1) which is defined as the following equation, 889 Δ𝜀𝐿(𝑡, 𝜃,𝜃1) = Δ𝛼𝐿(𝜃)𝜓(𝑡,𝜃, 𝜃1) (A2)890 

The function ψ(t, θ, θ1) must satisfy the following boundary conditions. 891 𝜓(0,𝜃,𝜃1) = 0,     lim𝑡→∞𝜓(𝑡,𝜃, 𝜃1) = 1                                                                (A3)892 

The temperature range from the threshold temperature θ0 [℃] (=33 [℃]) to the HT-treatment temperature θ1 [℃] is 893 

divided into N parts, such as θ0, θ1, ... , θN (= θ1). The relationship between ΔaL
i (=ΔaL(θi)) and ΔεL

i (=ΔεL(t, θi, θ1)) 894 

is as expressed in the following equation.   895 Δ𝜀𝐿𝑖 = Δ𝜀𝑖(𝑡,𝜃𝑖 ,𝜃1) = 𝜓(𝑡,𝜃𝑖 ,𝜃1)Δ𝛼𝐿𝑖 (𝜃𝑖).                                (A4)896 

It is natural to consider that HT-treatment at temperature θ1 would superimpose ΔεL
i (i = 0, 1, 2, ……, N)  in the 897 

temperature range “θ0 < θ < θ1”, resulting in the longitudinal HTR-strain 898 𝜀𝐿(𝑡,𝜃1) = ∑Δ𝜀𝐿𝑖𝑁
𝑖=0 = ∑𝜓(𝑡, 𝜃𝑖 ,𝜃1)Δ𝛼𝐿𝑖 =

𝑁
𝑖=0 ∑𝜓(𝑡, 𝜃𝑖 ,𝜃1)Δ𝛼𝐿𝑁

𝑖=0 (𝜃𝑖).                          (A5)899 

Assuming N→∞, Eq.(A5) can be rewritten as,  900 

𝜀𝐿(𝑡, 𝜃1) = ∫ 𝜓(𝑡, 𝜃, 𝜃1)
𝜃1𝜃0 𝑑𝑎𝐿(𝜃)  = ∫ 𝜓(𝑡, 𝜃,𝜃1)

𝜃1𝜃0 (𝑑𝑎𝐿𝑑𝜃 )𝑑𝜃 .                              (A6)901 



Since θ1 is fixed as the treatment temperature that has been given in advance, the HTR-strain εL(t, θ1) is 902 

substantially a one-variable function of t; while, it should be noticed the integral (A6) is affected by the θ-903 

dependent function ψ(t, θ, θ1), where θ is a hidden temperature. How does the function ψ(t, θ, θ1) affect the HTR-904 

behaviors of TW will be numerically discussed in the text. 905 

In the present study, Experiment 1 and 2 suggested that function ΔεL(t, θ, θ1) in Eq.(A2) is induced by HT-906 

softening of the matrix component in the cell wall of the G-fiber. It is considered that HT-softening is a simple 907 

physical state change in the cell wall components, and thus, it proceeds in a manner of the first-order reactive or the 908 

creep-recovery function. Therefore, it is rather natural to assume the following first-order reactive function (i.e., 909 

creep-recovery function) as ψ(t, θ, θ1),  910 𝜓(𝑡, 𝜃, 𝜃1) = 1 − 𝑒−𝑘(𝜃,𝜃1)𝑡,                                                                              (A7)911 

where k(θ, θ1) is the constant of reaction rate of the first-order reaction, which corresponds to the retardation time 912 

of the Voigt-element. The function (A7) satisfies the boundary conditions (A3). Eq.(A6) is rewritten as 913 𝜀𝐿(𝑡,𝜃1) = ∫ (1 − 𝑒−𝑘(𝑞;𝜃1)𝑡) (𝑑𝑎𝐿𝑑𝜃 )𝜃1𝜃0 𝑑𝜃 .                                (A8)914 

If we accept the result of Eq.(5), that is, aL(q) = aL
0(θ − θ0), the above integration becomes,  915 𝜀𝐿(𝑡, 𝜃1) = ∫ (1 − 𝑒−𝑘(𝜃,𝜃1)𝑡)𝑎𝐿0𝜃1𝜃0 𝑑𝜃.                                                                   (𝐴9)916 
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920 

Fig. 1 Schematic representation of tested tree and specimen preparation 921 

922 



923 

924 

925 

Fig. 2  Typical WAXS profiles of solid wood sections of (a) TW and (b) NW. From WAXS profile, 926 

values of C.I. (crystallinity index) and WSC (width of single crystallites) of CMF are calculated using 927 

Eqs.(3) and (4), respectively. Linear background was already eliminated in each profile. 928 

929 



930 

931 

932 

Fig. 3  Typical β-profiles of solid wood sections of (a) TW and (b) NW specimen. From β-profile, an 933 

O.I., (= full width of half maximum in the diffraction peak (FWHMβ)) is calculated. Value of O.I. is a 934 

convenient indicator of the average MFA in the cell wall. Linear background was already eliminated 935 

in each profile. 936 
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939 

940 

941 

Fig. 4 Time-dependent evolutions of longitudinal HTR-strains in Experiment 1 942 

943 

944 



945 

946 

947 

Fig. 5  Longitudinal HTR-strains in each group at the end of Phase 1 (left), Phase 2 (center), and 948 

Phase 3 (right) 949 

950 

951 

952 

953 

954 

Fig. 6  Correlations of O.I. (orientation index, quantified from FWHMβ in β-profile), C.I. 955 

(crystallinity index, calculated by Eq.3), and WSC (width of single crystallite of cellulose, calculated 956 

by Eq.4) with the longitudinal HTR-strains at the end of Phase 3 in Experiment 1 957 

958 

959 



960 

961 

962 

Fig. 7  A composite of Fig. 5a and Fig. 5b. A linear relationship was detected between treatment 963 

temperature and the maximum absolute value of longitudinal HTR-strain (solid circle) at the end of 964 

Phase 1 and Phase 2 for treatment temperatures below 100 [℃]. 965 

966 

967 

968 

969 

970 

Fig. 8  Time-dependent evolution of longitudinal HTR-strains for TW and NW in Experiment 1. The 971 

curves with the largest (highly developed TW) and smallest (NW) absolute values were picked up 972 

from each group in Fig. 4, and they were reconstructed as Fig. 8. Values in the figures are treatment 973 

temperatures.  974 

975 

976 



977 

Fig. 9  Time-dependent evolutions of tangential HTR-strains at each treatment group. Displayed 978 

curves are for specimens used in Fig. 8. 979 

980 

981 

982 

983 

Fig. 10  Mass change rate due to various HT-treatment schedules. Lateral wood specimen often 984 

contained G-fiber. Roman numbers on the top of figures stand for HT-treatment phases in Experiment 985 

2. 986 

987 

988 



989 

990 

Fig. 11  Simulated results of evolutions of longitudinal HTR-strains in the treatment of Phase 1 of 991 

Experiment 1 (upper panels). Lower panels show assumptions of θ-dependencies of function k(θ, θ1) 992 

(θ1 = 60, 80, 100, and 120 [°C]). Case 1 was adopted: k(θ, θ1) is independent of θ and depends on the 993 

treatment temperature θ1. Furthermore, the simulation was performed assuming that k(θ, θ1) increases 994 

with θ1.   (a): A subcase for comparatively smaller k(θ, θ1)   (b) A subcase for comparatively larger 995 

k(θ, θ1). 996 
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999 

1000 

Fig. 12  Simulated results of evolutions of longitudinal HTR-strains in the treatment of Phase 1 of 1001 

Experiment 1 (upper panels). Lower panels show assumptions of θ-dependencies of function k(θ, 1002 

θ1) (θ1 = 60, 80, 100, and 120 [°C]). Case 2 was adopted: k(θ, θ1) becomes larger with the absolute 1003 

difference between θ1 and θ. This assumes that the softening of the matrix components at a certain 1004 

hidden temperature θ proceeds faster as the difference between θ1 and θ becomes larger. 1005 
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